The discovery of cell-free fetal nucleic acids in maternal plasma has opened up new possibilities for noninvasive prenatal diagnosis. Over the last few years, a number of approaches have been demonstrated to allow such circulating fetal nucleic acids to be used for the prenatal detection of chromosomal aneuploidies. One such approach involves the enrichment of fetal DNA, such as by size fractionation or by the controversial formaldehyde treatment technique. A second approach involves the targeting of fetal-specific nucleic acid molecules, including fetal-specific epigenetic markers and placenta-specific mRNA markers. A third approach involves the development of highly discriminatory quantitative methods for chromosome dosage analysis using digital polymerase chain reaction technology. It is likely that these and other methods yet to be developed would allow noninvasive prenatal diagnosis of chromosomal aneuploidies by maternal plasma nucleic acids to be realized in the near future.
Introduction
Prenatal diagnosis is an established part of modern obstetrics service. However, invasive techniques, such as amniocentesis, are commonly used for the definitive diagnosis of fetal chromosomal aneuploidies, including trisomy 21. Because of the potential risks associated with such invasive methods, a long-sought goal in prenatal diagnosis research is to develop noninvasive methods that do not carry such a risk. The discovery of circulating cell-free fetal DNA in maternal plasma in 1997 has opened up new possibilities for noninvasive prenatal diagnosis. 1, 2 As circulating fetal DNA only represents a mean of ∼3% of the DNA that is present in maternal plasma, 3 the use of maternal plasma DNA for the noninvasive prenatal diagnosis of fetal chromosomal aneuploidies has presented considerable technical challenge. However, remarkable advances have occurred in this area recently. This review summarizes some of these developments.
Enrichment of Fractional Fetal DNA Concentrations
One approach involves the enrichment of the fractional fetal DNA concentrations from the above-mentioned mean of ∼3% to a level that is amenable to commonly available analytical strategies. One variant of this approach has been proposed by Dhallan et DNA concentration by suppressing the maternal DNA background in maternal plasma through the stabilization of maternal blood cells using formaldehyde. 4 They then applied this approach to the prenatal detection of Down syndrome. 5 The main problem with the formaldehyde approach is that this method can only be reproduced by some, 6 but not other investigators. 7, 8 An alternative approach is based on the discovery that circulating fetal DNA is shorter than maternal DNA in maternal plasma. 9 Thus, through the preferential isolation of short DNA from maternal plasma, it has been demonstrated that the fractional concentration of fetal DNA can be enhanced. 10 The main disadvantage of this approach is that currently an electrophoretic method is used for the size fractionation of plasma DNA, a procedure that is relatively labor-intensive and potentially prone to contamination. It is also unknown whether this approach would provide the degree of fetal DNA enrichment necessary for the noninvasive prenatal diagnosis of fetal chromosomal aneuploidies.
Molecular Targeting of Fetal-Specific Nucleic Acid Populations
An alternative approach is the targeting of specific nucleic acid populations in maternal plasma which are virtually completely fetalspecific. One such population is fetal-specific DNA methylation markers. [11] [12] [13] [14] One of these markers is the SERPINB5 gene, which is hypomethylated in the placenta and hypermethylated in maternal blood cells. 12 Hypomethylated SERPINB5 can therefore be regarded as a fetal-specific marker in maternal plasma, as most of the background maternal DNA in maternal plasma is probably derived from hematopoietic cells. 15 As this gene is located on chromosomal 18 , it has been demonstrated that allelic ratio analysis of a single nucleotide polymorphism (SNP) in the hypomethylated form of SERPINB5 can be used as a marker of trisomy 18 in maternal plasma. 16 This approach is called the epigenetic allelic ratio approach (EAR). 16 The main disadvantage of this approach is that it is dependent on bisulfite conversion, a method that may destroy a large proportion of the input DNA. 17 In addition, the allelic ratio approach can only be used if the fetus is heterozygous for the SNP concerned. Furthermore, it would be necessary to search for similar epigenetic changes on the other chromosomes involved in common aneuploidies, such as chromosome 21. 18 In addition, because of the limitation in the number of circulating fetal DNA molecules, if the volume of plasma used is insufficient, the accuracy of the method would diminish on account of statistical sampling errors. 16 As placenta-specific epigenetic markers have also been found on chromosomes not normally involved in fetal chromosomal aneuploidies (e.g., the RASSF1A gene on chromosome 3), 13 it is also potentially possible to determine the fetal chromosome 21 status by measuring the relative concentrations of fetal-specific epigenetic markers on chromosome 21 to those on one or more reference chromosomes.
An alternative approach to target fetalspecific nucleic acid species is to use placentalspecific mRNA species. 19 Through the use of allelic ratio measurement on placenta-specific mRNA species transcribed from a chromosome involved in an aneuploidy (e.g., the PLAC4 gene on chromosome 21 for Down syndrome), the aneuploidy status can be ascertained. 20 This approach is called the RNA-SNP allelic ratio approach, and appears to have a high sensitivity of 90% and a high specificity of 96.5%. 20 Compared with the epigenetic approach, the advantages of the mRNA approach include (1) the fact that multiple copies of mRNA are transcribed from a gene active in the placenta; and (2) mRNA markers can be readily detected by reverse transcriptase polymerase chain reaction (PCR) or other amplification strategies, without having to involve a more complicated procedure like bisulfite conversion. Similar to the EAR approach, the main limitation of the RNA-SNP approach is that it would only work if the fetus is heterozygous for the analyzed SNP. To cover a large proportion, multiple placental mRNA markers and multiple SNPs would be needed.
High-Precision Analytical Approach
Another approach towards the detection of fetal chromosomal aneuploidies is the development of highly discriminatory quantitative methods which would allow the detection of a small excess of nucleic acid sequences from a particular locus, even when applied to a sample in which fetal nucleic acid molecules only represent a minor population. Recently, Lo et al. have demonstrated that digital PCR would allow this goal to be achieved. 21 For example, it has been shown that for a DNA sample in which 25% is derived from the placenta and 75% is derived from maternal blood cells, digital PCR would allow the correct classification of the chromosome 21 aneuploidy status 97% of the time, as long as at least 7680 DNA molecules are available for analysis. 21 Thus, the work by Lo et al. provides a set of benchmark parameters documenting the statistical relationship between the fractional concentration of the fetal nucleic acid target, the number of nucleic acid molecules, and the frequencies of correct classification of the aneuploidy status. 21 For investigators working on fetal DNA enrichment techniques, 4, 10 these parameters would be useful to guide the degree of fetal DNA enrichment needed. For workers studying the use of epigenetic 16, 18 or mRNA markers, 20 the data from Lo et al. would indicate the number of fetal-specific epigenetic or mRNA marker molecules needed for robust diagnosis. With the development of rapid methods for conducting digital PCR analysis, such as microfluidics PCR 22 and emulsion PCR, 23 it is expected that this powerful technology will have an impact on the clinical application of noninvasive prenatal diagnosis in the near future.
Conclusions
After a decade of development, the use of cell-free fetal nucleic acids in maternal plasma for the noninvasive prenatal detection of chromosomal aneuploidies has been realized in principle. A number of alternative approaches have been shown to be of promise. It is hoped that these and further approaches yet to be devised will deliver a new generation of tests for noninvasive prenatal diagnosis over the next few years, making prenatal investigations safer for pregnant women and their fetuses.
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